The phenomenon of resonant tunneling is simulated and analyzed in the quantum hydrodynamic (QHD) model for semiconductor devices. Simulations of a parabolic well resonant tunneling diode at 77 K are presented which show multiple regions of negative differential resistance (NDR) in the current-voltage curve. These are the first simulations of the QHD equations to show multiple regions of NDR.
The dielectric constant e 12.9 for GaAs. I discretize the 1D steady-state QHD equations using the second upwind method and compute the solution using a damped Newton method (see Ref.
[1] for details). The barrier height ' is incorporated into the QHD transport equations (1) with 300 Ax. For these simulations, scattering takes place throughout the device. There are seven resonances and seven regions of negative differential resistance in the current-voltage curve between 0 and 0.5 volts. Figure 4 presents the current-voltage curve for the same device with the classical collision terms in the momentum and energy equations (2) and (3) Note that there are five resonant "shoulders" in the current-voltage curve between 0 and 0.33 volts, and that the sixth through twelfth resonances become more pronounced as V increases. Ref. [7] explains this effect, which was observed in an experimental device: Below 0.33 volts, electrons tunnel out of the well through the thick portion of the parabolic well in Figure 2 , and the transmission resonance widths are small. As the voltage bias increases above 0.33 volts, the transmission resonance widths rapidly increase because (i) the right barrier height is progressively reduced and (ii) electrons tunnel out of the well through the thin portion of the parabolic well.
The resonant peaks of the current-voltage curve occur as the electrons tunneling through the first barrier come into resonance with the energy levels of the quantum well. Figure 3 --the rise to a peak at 0.11 volts and the fall to the valley at 0.58mis determined by the negative differential resistance of a 0.7 eV high double barrier square well with an effective width of approximately 75 A. The energy levels of the parabolic well modulate this basic shape.
The time spent by electronics in the well is shown in Figure 5 . The "dwell" time has relative maxima at voltages corresponding to valleys (relative minima) of the current-voltage curve. The absolute maximum of the dwell time occurs at the global valley of the current-voltage curve at 0.58 volts; the dwell time subsequently decreases rapidly toward zero (Cf. Ref. [1] , Figure 5 ). The dwell time mimics 1/Ijl, where j =-enu is the current density, since the peak electron density in the well increases monotonically with applied voltage. Microscopic quantum calculations predict that the electron dwell time is maximum at resonance. The QHD model presents a different "macroscopic" interpretation of the dwell time (see the discussion in Ref. [1] (1)- (3) with Hi, Pij, and W given by Eqs. (5)-(7).
Since here I am concerned with how phases appear in the QHD equations, I will instead evaluate average values by writing the wavefunction q,x in terms of its magnitude A a and phase 0" qa(x, t) Ax(x, t)e i(x't).
(23)
Using this decomposition of the wavefunction, the density is given by n fd3pfw(X, p, t) E a f x (rh) 3d3yA:t(x + y)Aa(x y)
Xe-iOa(x+y) +iOa(x-y)e2ip.y / h
EaaA2(x,t)= En (24) where the time-dependence in A a and 0 h is left implicit except when needed for the sake of clarity.
n is the electron density for state A, and the total electron density is obtained by summing over all states. The momentum density equals < Pi) Hi fd3pPifw( x, P, t) (16)- (18) 
